We present new experimental observations of G.Y., a well-tested patient with unilateral loss of primary visual cortex. We stimulated G.Y.'s blind hemifield using first-and second-order motion stimuli at velocities around psychophysical threshold. Using a dual response paradigm (awareness level of visual motion, motion direction discrimination) psychophysical performance improved with increasing velocity and dot coherence. We were also able to influence directly G.Y.'s performance for the better and at will, by placing the emphasis solely on direction discrimination. In the absence of V1, graduated detection and discrimination of stimuli known to activate both V1 and extrastriate motion areas MT/V5 and MST is still possible. These results are in line with residual visual processing but did not show evidence of unconscious processing of motion stimuli characteristic of 'blindsight'.
Introduction
A uniform lesion to the primary visual cortex (Brodmann's area 17, area V1) will result in cortical blindness affecting the contralateral visual hemifield. Under experimental conditions, it has been shown that human and non-human primates with this deficiency exhibit varieties of residual capacities to detect visual events and even indicate the direction of a moving stimulus. Under particular conditions, the observer may be able to discriminate motion direction better than would be predicted by chance. When accompanied by a total lack of concomitant awareness of visual stimulation this phenomenon been termed 'blindsight' (Weiskrantz et al., 1974) . However, and more generally, it is the case that visual capacity in the blind field is psychometrically less good than in the intact normal field. That is, residual visual abilities are qualitatively and quantifiably impoverished, i.e. subnormal vision.
The residual visual capacities of such observers includes detection and localization of flashing light patterns (Perenin et al., 1980) and flux (Barbur et al., 1994) , detection of stationary targets (Stoerig & Cowey, 1989a) , detection and discrimination of velocity (Barbur et al., 1980) , direction of motion (Barbur et al., 1994; Weiskrantz et al., 1995; Benson et al., 1998) , apparent motion (Blythe et al., 1986) , optical flow (Mestre et al., 1992) , spatial orientation and resolution of spatial structure (Barbur et al., 1994; Morland et al., 1996) , discrimination of wavelength and colour (Stoerig, 1987; Stoerig & Cowey, 1989b , 1992 Brent et al., 1994) , and discrimination of first-order motion at isoluminance (Guo et al., 1998b) .
It is generally accepted that subcortical structures receiving retinal input and projecting to extrastriate cortices are responsible for mediating residual vision in the absence of the striate cortex (see Payne et al., 1996; Stoerig & Cowey, 1997) . The retina projects directly to at least nine structures in the monkey brain (Stoerig & Cowey, 1997) . Of these, connections to the superior colliculus (SC) proceed to the inferior pulvinar (PI; Marrocco & Li, 1977) and interlaminar layers of the dorsal lateral geniculate nucleus (dLGN) (see Stoerig & Cowey, 1997) . The PI projects directly to the middle temporal area (MT/V5) (see Cowey & Stoerig, 1991; Weiskrantz, 1996) . These pathways probably subserve residual vision for motion processing. In healthy brains, these routes are thought to play an important role in achieving rapid early processing of signals used for orienting behaviour in response to visual events (Fries, 1981; Standage & Benevento, 1983; Raiguel et al., 1989) . The functional significance of cortical areas normally characterized by selectivity for motion may be better understood in the framework of a V1-damaged visual system.
A patient with such damage, referred to as G.Y., has been studied extensively over the last 20 years (Barbur et al., 1980) . To date, there are no reports of his ability to use motion signals generated by achromatic sinusoidal gratings or plaids, or coherent motion in random dot displays. It therefore remains to be demonstrated whether higherorder motion and coherent dot motion can be detected in a cortically blind hemifield.
Methods
Observer G.Y. is a 41-year-old male who suffered localized damage to his left hemisphere because of a closed head injury at 8 years of age. The cortical lesion is limited to the primary visual area (V1) but also involves total degeneration of the geniculo-calcarine tract. The right visual hemifield is clinically blind with the exception of µ 3°of central macular sparing most likely corresponding to intact tissue of the occipital pole indicated by magnetic resonance imaging scans (Barbur et al., 1993) . Previous reports of this subject have shown evidence of some residual visual functions (Barbur et al., 1980 (Barbur et al., , 1993 Brent et al., 1994; Weiskrantz et al., 1995; Morland et al., 1996) . Blindsight behaviour, defined as above-chance correct performance in the absence of reported visual experience of the stimuli, has also been demonstrated in this observer (Weiskrantz et al., 1995; Benson et al., 1998) .
Stimuli
Stimuli were generated using a VSG 2/3 W framestore (Cambridge Research Systems, Rochester, UK) and displayed on a high frequency non-interlaced gamma-corrected colour monitor (Iiyama MF8617e, Graphics Direct, Thatcham, UK). Stimuli were viewed at a distance of 57 cm. The full display subtended a visual area of 32 ϫ 24°. Stimuli were presented in G.Y.'s blind right visual field. They appeared 5°above the horizontal meridian and 8°right of the vertical. An 8°w ide bright field (80.2 cd/m 2 ), to the left of a 0.7°fixation point marking the vertical mid-line, prevented scattered light entering the good left visual field. Background luminance was otherwise 6.53 cd/m 2 . G.Y. sat in a quiet, darkened area enclosed by curtains. Stimuli were viewed by means of a comfortable head restraint. For some trials, fixation was monitored on an auxiliary PC fitted with Ober2 infrared binocular goggles to record horizontal and vertical eye movements (Permobil Meditech, Timrå, Sweden, 0.76 mW/ cm 2 , Ͻ 5Ј sensitivity, 100 Hz sampling rate). Performance was indistinguishable with or without eye movement monitoring.
Procedure
The same protocol was used throughout. Stimuli were preceded by a 350 Hz warning tone lasting 150 ms followed by a delay of 2000 ms and stimulus presentation lasting 400 ms. G.Y. was generally required to make two verbal responses on each trial; particular tests required only one response (q.v.). Detectability of stimuli was assessed using a six-point rating scale to assess visual awareness of the stimulus event where 'zero' indicated no conscious experience of a moving target, and 'five' indicated full awareness. We used a rating scale in preference to binary 'aware' or 'unaware' decisions (Weiskrantz et al., 1995) to avoid the possibility of response bias and to permit levels of awareness be reported (see Benson et al., 1998) . Direction of movement was discriminated using a four-alternative forced-choice method (4AFC): 'up', 'down', 'left' or 'right'. Chance performance was at 25% correct. Blindsight would be observed when zero awareness was reported simultaneously with statistically above-chance discrimination accuracy. Below threshold, stimuli may not be detected consistently and G.Y. was instructed to guess if necessary on those trials. He was also regularly reminded to make use of the full scale for rating his visual awareness. Stimuli were inanimate on 20% of trials. This control condition was used to verify that G.Y. made random discrimination responses to static stimuli and that his reported visual awareness was statistically no different from zero. We observed G.Y.'s behaviour over several visits to the laboratory. A minimum of 15 trials per condition was presented. All stimuli were fully randomized within each experiment.
Sinusoidal gratings and plaids were presented through a circular 10°annulus. Additive plaids were at 100% contrast and comprised two superimposed component gratings separated by 90°in orientation. Spatial frequency was one cycle/degree. Drift velocity was the dependent variable (d.v.) affecting perception. G.Y.'s ability to detect and discriminate these stimuli was established in the normal course of pilot experiments. Velocity and contrast parameters were determined by presentation of achromatic first-order moving stimuli in other experiments (Benson et al., 1998) . Performance was tested around psychophysical threshold.
Moving dot patterns were presented at varying levels of coherence (e.g. Newsome & Paré, 1988; Milner et al., 1991) . When the d.v. was 100%, all dots moved in the same direction. At 50% coherence, only half of the population moved coherently; the remainder moved in a random direction persisting for two video frames. A population of 300 dots (each subtending 0.18°) was displayed in a 10°-wide area, representing 50% dot-density in the screen area. Velocity was fixed at 20°/s, determined by previous experiments to be discriminable with full awareness at maximum coherence (Benson et al., 1998) . Dot/background contrast was -76%. The 4AFC report paradigm was used as before.
Results
We found no evidence of blindsight behaviour for either grating (Fig. 1A ) or plaid stimuli (Fig. 1B) . G.Y.'s reports indicated increasing awareness yoked to increasing discriminability of movement for both stimuli (t-test on normalized awareness and accuracy, P ϭ 0.06 and 0.06, respectively). Neither awareness nor performance differed between the grating and plaid conditions (P ϭ 0.18 and 0.41, respectively). We also assessed G.Y.'s abilities in these tasks when stimuli were presented in his good field. Like normal healthy observers, G.Y. was able to detect and discriminate motion at ceiling for moving gratings and plaids over the same range of velocities.
Changing the focus of G.Y.'s answers to direction discrimination only altered performance accuracy significantly. Compared with the dual report condition his performance was markedly better when direction was reported alone ( Fig. 2 ; t 6 ϭ 7.82, P ϭ 0.0002). Here, and in the coherence experiments, G.Y. showed no bias when reporting direction of static stimuli (all P Ͼ 0.6).
When viewing the dot patterns, G.Y.'s performance was uncorrelated with his rated awareness ( Fig. 3 ; P ϭ 0.06). This was because at low coherence, although he was unable to discriminate direction of motion, he was conscious of the conflicting uncorrelated motion signals generated by local background noise. When dual report was given (rated awareness and discrimination) performance fell to chance at 12% coherence and improved gradually towards ceiling at 100% coherence. With emphasis placed on discrimination, G.Y.'s performance accuracy improved significantly (t 3 ϭ 3.8, P ϭ 0.032), as had been observed with moving plaids. In this experiment we also asked G.Y. to rate only his awareness on every trial. We also reversed the order of dual report to discrimination followed by awareness, in which case we observed performance accuracy midway between the other report conditions. His visual experiences were not altered by the kind of response made (P ϭ 0.93). An average performance enhancement of 14% was observed when report focused on discrimination decisions for plaid and coherence dot stimuli.
In summary, G.Y.'s visual discrimination of moving gratings, plaids, and coherent dot displays is best characterized by residual visual capabilities, i.e. less good than normal around threshold. Performance for discrimination plus awareness (dual report) fell between awareness plus discrimination and discrimination alone, underlining the importance of task demands in characterizing residual vision.
Discussion
We present new evidence that an observer with complete unilateral loss of V1 is able to detect and discriminate movement using second- Awareness was rated on a six-point scale where 'zero' indicated complete lack of conscious experience of a moving stimulus, and 'five' full and confident detection of a moving stimulus. (B) Rated visual awareness and discrimination of moving plaid patterns comprised of two component achromatic sinusoidal gratings separated by 90°orientation. Visual awareness increases in line with discrimination. The arrows indicate chance performance levels expected by guessing alone. Here, as in the other figures, data were insufficient to plot 'correct when unaware' responses that have previously been used to indicate blindsight performance (Weiskrantz et al., 1995) .
© 1998 European Neuroscience Association, European Journal of Neuroscience, 10, 3767-3772 FIG. 2. Shifts in performance accuracy. A significant improvement in performance accuracy was observed by changing the emphasis of report to discrimination only, rather than rated awareness followed by discrimination. The arrow indicates chance performance level.
FIG. 3. Detection awareness and discrimination of coherent movement in random dot displays. Performance accuracy was again affected by emphasizing the importance of discrimination. As well as observing dual report responses in the standard paradigm (awareness plus discrimination), we observed the effect of changing emphasis to dual discrimination plus awareness. Performance was best of all when single discrimination report was made (performance was at chance when coherence was 6%). Thus, the order and loading of task report is significant in determining residual visual function. Mean awareness level is shown (no difference, P ϭ 0.93, between awareness and discrimination, discrimination and awareness, and awareness alone). The arrow indicates chance performance. order motion and coherent motion in his blind hemifield. The patient indicated graded visual awareness that was correlated with stimulus velocity and magnitude of the coherent motion signal.
First-order Fourier motion, defined by unidirectional coherent shifts in luminance distribution (sinusoidal gratings, achromatic random dots) generate similar patterns of selectivity in V1 and MT/V5 (Hubel & Wiesel, 1968; Newsome & Paré, 1988) . Second-order motion, in which there is no dominant directional component in the Fourier domain (as conveyed by sinusoidal plaid stimuli), is computed after processing luminance information. Thus, preferential activation is seen in higher cortices such as MT (Maunsell & Newsome, 1987; Albright, 1992; Zhou & Baker, 1993; Dupont et al., 1994; ffytche et al., 1995) . Complete segregation of first-and second-order motion may be less clear, however, as cells in monkey V1 also show responses to the pattern motion of plaids (Guo et al., 1998a; Guo, K., Benson, P.J. & Blakemore,C., unpublished; cf. evidence to date from humans, Vaina et al., 1994; Greenlee & Smith, 1997) . This is important for our interpretation of pattern processing in blindsight because we cannot exclude the fundamental role of V1 in early or preprocessing of complex motion signals found in area MT. It is possible that MT relies upon, or develops as a result of reliance upon (see Payne et al., 1996) , brain structures other than V1 as a source of directional information. These signals would be subsequently integrated into surfaces or flow fields. The intrinsic facility for supplementary residual and weakly parallel processing of motion signals will influence interpretation of the neuroanatomical source(s) of the blindsight phenomenon. This also has clear implications bearing on interpretation of vestibular reflexes and vection (ego motion), and discrimination and perception of directed intent.
Several cortical areas play a part in computing first-order motion information relevant to decision-making. It is quite likely that areas V1, V2, V3 and V5 are involved. Each area is interconnected and cells' receptive fields and their surrounds play a part in signalling local and global motion information (Born & Tootell, 1992) . It is not surprising, then, to find that these areas are activated by moving random dot patterns (Rodman et al., 1989a; Dupont et al., 1994; McKeefry et al., 1997) . MT/V5 cells continue to respond differentially to the direction and velocity of moving stimuli after ablation or cooling of V1 (Rodman et al., 1989a) . As it has been shown that additional removal of SC results in inactivation of MT (Rodman et al., 1989b) , it is to be expected that the SC plays an important part in residual vision of at least first-order motion processing. We would like to take G.Y.'s report of non-zero awareness at low coherence as a genuine reflection of general activity in MT (or such like) caused by uncorrelated motion signals. McKeefry et al. (1997) reported 100% coherence did not significantly elevate activity in MT above that for uncorrelated (0%) motion of individual dots. We also speculate that G.Y., like normal observers, perceives short-persistence or complex locally coherent 'motion' in uncorrelated displays. Thresholds for discrimination of unidirectional motion are determined by the ability to correlate coherent dots in order to separate figure from background. At 12% coherence, G.Y.'s mean rated awareness was 1.97. As coherence approached 0% (fully uncorrelated), the asymptotic trend for decreasing awareness continued. Qian & Andersen (1994) showed that the average response of MT neurons dropped to 37% of that of its preferred direction response when stimulated with a motion noise stimulus. In G.Y.'s terms, 37% activity would represent a rating of 1.85. This is a reassuring correlation given the vagaries of cell statistics and assessment of residual vision using behavioural measures.
What then are the recognized sources of G.Y.'s residual capacities?
Both age of injury (or ablation) and activation of cortical sites is important in residual vision involving damage to V1. There is no evidence yet that suggests destruction of V1 results in degeneration of the PI or SC; V1 is not directly connected to the SC. However, degeneration of V1 does result in retrograde degeneration of the lateral geniculate nuclei (LGN). About 99% loss of projection neurons in the dorsal LGN in monkeys has been reported, and depends on age of lesion (Pasik & Pasik, 1971; Weiskrantz, 1972; Cowey et al., 1989; Weller & Kaas, 1989; Payne & Cornwell, 1994; Payne et al., 1996) , as is concomitant retrograde degeneration of retinal ganglion cells (Dineen & Hendrickson, 1981) . In G.Y., total degeneration of the geniculo-striate radiation has been reported (Barbur et al., 1980) . It is almost certain that some degeneration of his LGN has also occurred over the last 33 years. The other subcortical mechanisms sufficient for detection of moving stimuli presumably remain intact in G.Y. The SC is unable to relay high-resolution information in the way that V1 can. It is therefore not surprising that his difficulties in recognizing orientated edges or slow-moving stimuli are impoverished. For this, the small and precise receptive field architecture of V1 subserved by the geniculo-striate radiation is required. Superficial layers in the SC sensitive to flashed stimuli are used in visual localization and gating of eye movements (Sprague, 1966; Schiller & Koerner, 1971) . Greater activity in the SC is also seen for increasingly higher velocity stimuli (Goldberg & Wurtz, 1972; de Monasterio, 1978; Weller et al., 1979) . Thus, there is a clear correspondence between known anatomical function and G.Y.'s psychophysical abilities. It is possible that increased activity of the SC will be observed in brain scans while this observer conducts a detection and/or discrimination task. This would be as a consequence of neural adaptation to hours of repetitive testing, just as G.Y. has been involved in. Such plasticity occurring in the LGN, receiving the bulk of known of retinal ganglion projections, has already been demonstrated (Kalil & Behan, 1987) . Similar adaptive changes should also be found in regions of the SC for particular visual events. Plasticity and the ability to attend to residual visual signals, however difficult a task or nonsensical this might first appear, is by no means restricted to observer G.Y. He is of particular interest because his lesion is restricted unilaterally to the primary visual cortex (V1). Residual vision and blindsight behaviour has been reported in other patients with more widespread brain injury but inclusive of areas in V1 (e.g. DB, Weiskrantz et al., 1974; RC, Blythe et al., 1986; CM, Weiskrantz, 1986) . Because these patients exhibit similar impoverished detection and discrimination in tasks similar to those performed by G.Y. here and elsewhere, the role of V1 in early motion processing is made all the more illuminating.
Task demands had a clear effect on G.Y.'s reports of visual awareness and discrimination ability. Changing the order of responses so that first report focused on discrimination had the effect of improving accuracy. Discrimination followed by rated awareness yielded better performance than vice versa. It is difficult to interpret this observation in terms of anything other than task loading and response bias. A certain amount of interactive 'forgetting' can occur (Dennett, 1991) and discrimination guesses may be influenced (inhibited or corrupted) by first attributing, albeit honestly, a low awareness score to a stimulus event which is otherwise discriminable. Remember that we asked for reports of awareness of movement. Discrimination-only report resulted in best performance of all. We continue to find that G.Y.'s rated awareness reports are very rarely affected by task requirements (Benson et al., 1998; Guo et al., 1998b) . This robust observation suggests that separation of performance accuracy and conscious experience has a genuine basis in unconscious or subliminal visual processing. More formally, we interpret these effects in terms of interacting short-term cognitive processes that are subject to on-line adjustment. Criterion setting (Treisman, 1984; Treisman & Faulkner, 1984) occurs during each experimental protocol. G.Y. mentally correlates the range of presented signal strengths with his ability to discriminate them. This adjustment is the basis of his psychometric functions. An extreme version of this scenario occurs when trial-by-trial feedback is provided (Benson et al., 1998) . The direct consequence of this is powerful on-line adaptation (the 'peak shift effect', see Thomas et al., 1991; Thomas, 1993) and criterion resetting. It is not yet clear how the interaction between awareness of a visual event (whose magnitude may be correlated with stimulus signal strength) and its discriminability can create a conscious representation of that event. It is almost certain, however, that computation involving the middle temporal complex (MT/V5, MST) contributes directly to the perception of motion (Zihl et al., 1983; Salzman et al., 1992; cf. Milner et al., 1991) .
Although we found no evidence of blindsight using gratings, plaids, or coherence stimuli, we do not deny the utility of the phenomenon. The object of examining unconscious vision is to demonstrate which brain areas are active or inactive during (i) overt detection and discrimination of visual events and to which other areas they are connected, and (ii) implicit processing of these events when direct behavioural dissociations cannot be made.
Conclusions
Simple and complex motion signals can be detected and discriminated without feedback from area MT or integrative orientation processing conducted in primary visual cortex. Higher motion sensitive cortices targeted by the subcortical pathway that bypass V1 compute residual capacities for discrimination of unidirectional higher-order pattern motion and correlated random dot motion. On average, a 14% improvement in G.Y.'s performance accuracy was seen by changing the emphasis from dual to single report. It is possible that generating low ratings of visual awareness prior to discrimination can introduce a decision bias as forced-choice guessing alone can yield better performance accuracy. This has important implications for observations of blindsight behaviour in residual vision. Further investigations will reveal whether this is possible using second-order (non-Fourier) in addition to first-order (Fourier) motion. Such results will add much substance to our understanding of self-generated and guided movement (vection), and neural networks engaged in pattern motion processing and optic flow.
